Abstract. The purpose of this research was to micronize beclomethasone-17,21-dipropionate (BDP), an anti-inflammatory inhaled corticosteroid commonly used to treat asthma, using the rapid expansion of supercritical solution (RESS) technique. The RESS technique was chosen for its ability to produce both micron particles of high purity for inhalation, and submicron/nano particles as a powder handling aid for use in next generation dry powder inhalers (DPIs). Particle formation experiments were carried out with a capillary RESS system to determine the effect of experimental conditions on the particle size distribution (PSD). The results indicated that the RESS process conditions strongly influenced the particle size and morphology; with the BDP mean particle size decreasing to sub-micron and nanometer dimensions. An increase in the following parameters, i.e. nozzle diameter, BDP mol fraction, system pressure, and system temperature; led to larger particle sizes. Aerodynamic diameters were estimated from the SEM data using three separate relations, which showed that the RESS technique is promising to produce particles suitable for pulmonary delivery.
INTRODUCTION
Asthma ranks among one of the most common chronic conditions, affecting over 20 million people in the United States alone, and causing, on an annual basis, over 1.5 million emergency department visits, about 500,000 hospitalizations and 5,500 deaths (U.S. Dept. of health and Human Services, (2002)). Inhaled corticosteroids (ICS), such as beclomethasone dipropionate (BDP), are well-established anti-inflammatory therapies for the treatment of asthma (1) , recommended in national treatment guidelines as first-line therapy for this chronic disease (2) . The micronization of pharmaceuticals such as BDP with well-defined physical properties and performance characteristics suitable for application in portable inhalers, including next generation dry powder inhalers (DPIs), continues to be a significant challenge for the pharmaceutical industry (3, 4) . The performance of the DPI strongly depends on both the design of the delivery device and the particulate formulation (5) . Currently marketed DPIs provide rather low deposition of drug to the lung (typically below 15%) because of problems with drug retention in the delivery device, combined with non-optimized particle size distribution and particle morphology (6) .
Lung deposition of ICS from next generation DPIs could be improved by better control of particle size and morphology (in particular shape) of the active pharmaceutical ingredient (API; 7). Particles of a narrow size distribution with a mass mean aerodynamic diameter (MMAD) in the approximate range from 1-6 μm are desired for the treatment of asthma by inhalation therapy (8) . Spherical particles with rough surfaces are generally considered best for pulmonary delivery (9) , although elongated particles have been shown to have advantageous aerodynamic behaviour (10) . Of additional impetus for this research is a renewed interest in engineering particles for DPI formulation to improve the powder dispersibility for a new generation of DPIs that are being designed for pure API without a carrier, and the use of nanoparticles to act as "lubricants" for increasing powder roughness for accurate dispersing (7, 11) .
The employment of supercritical fluids (SCFs) has attracted considerable interest as an emerging technology for engineering particles of controlled dimensions (12) . Particle formation for pharmaceutical applications using SCFs can be carried out according to several different techniques, each of which has advantages and disadvantages (13) . The rapid expansion of supercritical solution process (RESS) is a promising technique to engineer desired particle properties, including submicron and nanoparticles dimensions (14) . In the RESS process, the API is dissolved in a high-pressure SCF which is then expanded through a nozzle, where instantaneous nucleation and crystal growth take place at very high supersaturation (15) . During the expansion process, the solvent density decreases considerably, causing the API to be ejected from the solution due to low solubility at the gas-like solvent density (16) . After the precipitation or crystallization process, the solvent is in the gaseous phase providing solvent free and dry products, hence eliminating extra washing and drying steps. The possibility of obtaining solvent-free, micron and sub-micron particles with a controlled size distribution(s) makes this technique attractive. However, the underlying effects of changing process parameters in the RESS process on controlling particle size and shape are poorly understood. This work explores the RESS process for the production of both micron and submicron/nano particles of the API, BDP, for simultaneous inhalation and powder handling required for next generation DPIs.
EXPERIMENTAL Materials
The laboratory reagent methanol (HPLC grade, SigmaAldrich, Mississauga, Ont.) was used as received. The synthetic steroid beclomethasone 17, 21 dipropionate (BDP), was donated by Glaxo Smithkline (Raleigh, NC), and used as received. This steroid is a member of the glucocorticoid family, a white to creamy white powder, with a molecular mass of 521.25 g/mol and a melting point of 210°C.
Methods

Solubility
The RESS process requires experimental conditions where the API, in this case BDP, is initially soluble in the SCF before the expansion. The solubility of BDP in methanol and acetone modified supercritical carbon dioxide solutions were elsewhere determined using a phase monitor, and found to form a homogeneous phase under experimental conditions reported here for RESS processing. Of particular interest for this feasibility study was methanol due to its low freezing point (mp=−98°C), minimizing the effect of cold CO 2 exiting the nozzle on crystal formation, along with having a high volatility in the heated expansion chamber, to leave pure BDP being deposited on the silicon wafer. Figure 1 shows the schematic diagram of the experimental apparatus used for RESS processing. The apparatus includes a stainless steel fixed-volume chamber (25 ml) coupled to a capillary nozzle. The extraction vessel was equipped with two quartz windows (Insaco, US) for observation of phase behavior. The vessel was wrapped with heating tape (Omega, USA) to maintain the solution at a desired temperature (±0.2°C). The internal vessel temperature was measured with a T-type thermocouple (Omega, USA) and controlled with a FuzzyLogic controller (Fuji, Mississauga, Ont.). The pressure in the vessel was monitored using a transducer (±1 bar) and a digital display (Omega, USA). The desired amount of BDP and MeOH were added to the extraction vessel to provide the experimental conditions of Table I . The vessel was then heated and pressurized, to the desired set-points. A magnetic stir bar was used to mix the contents of the reactor. The cell also had a rupture disk (HIP, USA) for safety.
RESS Experimental Apparatus and Spraying Procedure
A silicon wafer was placed inside a heated precipitation vessel (Parr Instruments, USA) onto which the BDP was sprayed directly. After spraying, the silicon wafer was placed in a sample container to avoid contamination. The average values reported were repeated 2-3× with less than 5% variation being found between repeated experiments.
Four capillary tubes with different internal diameters were tested having a common 1588 micron outer diameter and 3 cm length. The capillary tube (Supelco, Mississauga, Ont.) was held in place by a pressure gland and sleeve (HIP, USA). The volumetric flowrates were measured routinely after cleaning the capillary between experiments to ensure reproducibility. For the nozzle length of 3 cm, the volumetric flow rate of CO 2 at 3,000 and 4,000 psi are 52±3 and 63±3ml/min, respectively.
Characterization
The size and morphology of the precipitates were observed by a scanning electron microscope (SEM, Hitachi S-4500) on gold-sputtered samples of material deposited by the RESS process on silicon wafers. Due to the small amount of material formed in the experiments, particle size distributions were measured by forming histograms of at least 500-1000 particles from SEM photomicrographs using the image analysis Methanol concentration=5 mol%, capillary length=3 cm, spray distance is 1 cm software Scion Image™ (USA). Both the maximum length and aspect ratio were measured and reported in Table II .
Aerodynamic Diameter Measurement
Aerodynamic diameters (D a ) were analyzed by three separate equations using values determined from the electron microscopy results, due to the small amount of material deposited on the Si wafer. The first relation takes into account the influences of both particle density and shape and relates the particle geometric mean diameter (D p ) to D a by (17) :
where, C a and C p are the Cunningham slip correction factors (close to unity when D p >1.0 µm), and χ is the dynamic shape factor (unity for spherical particles).
To account for non-spherical particles, the shape factor, χ, was calculated from the SEM data according to Carter and Yan (18) :
where
The next relation studied uses Cox's theory according to Ku
where motion perpendicular to the major axis is given by:
and motion parallel to the major axis is given by:
The final equation is empirical and considers fibers according to Martin et al. (20) : 
where for Eqs. 5, 6, and 7, β is the particle aspect ratio (length/diameter) measured by SEM, ρ is the material density (1.5 g/cc for BDP), and ρ w is the density of water (1 g/cc). 
RESULTS AND DISCUSSION
Effects of Process Parameters
The SEM photomicrographs of unprocessed and processed BDP are given in Figs. 2a and b. The original BDP particles were small, ranging from 0.4 to 5 μm with irregular particle shape, while RESS processing provided much smaller and more regular particle sizes as shown for a typical experiment in Fig. 2b , where the particle size range was 0.2-1.0 μm. The experimental results in this study showed that much finer particles could be formed with a narrower PSD, as compared to the starting BDP, by using RESS supercritical fluid processing. Our previous work with the GAS process for BDP produced significantly larger and less spherical particles (21) . Table I shows the RESS experimental conditions used for studying the following process parameters: A-capillary diameter, B-BDP mole fraction, C-pressure, and D-temperature. Table II shows the results giving the BDP mean diameter, standard deviation, the size range, the aspect ratio, and the modality of BDP particles for the various process parameters, from which we calculate the aerodynamic diameter later to determine potential application for inhalation therapy.
Effect of capillary diameter (A)
Four nozzles of different diameters (127, 254, 762 and 1,016 μm) were studied using the RESS process. When the 127-μm internal diameter nozzle was used for the first set of experimental conditions, significant plugging occurred, so the results are presented for the 3 higher diameter nozzles, as shown in Fig. 3 . With increasing nozzle diameter, morphologies of produced BDP particles changed from micron spheres to elongated crystals with increased aspect ratios. Figure 4 provides the particle size distribution curves for the three different nozzle diameters, which shows quantitatively that increasing diameter both increases the mean BDP diameter, and the width of the distribution. As the RESS capillary diameter increased, the BDP D m and aspect ratio both increased (Table II) , which can be explained by the Ostwald step rule for crystallization (22) . When scCO 2 is depressurized through the capillary into a low-pressure heated chamber, the supercritical solution generates very high supersaturation ratios, and high nucleation rates. The first step for forming a critical nucleus is the formation of a liquid like dense phase or droplet. Beyond a certain critical size, a crystal nucleus forms inside the phase. When the solution jet leaves the larger diameter nozzle, the jet breaks into larger droplets containing more nuclei. Crystals then have a greater chance to collide with one other, agglomerating to form larger particles. Indeed, agglomeration of particles is known to be a key process for particle growth in the RESS process, as mathematical modeling shows particles of less than 20 nm are formed at the tip of a nozzle, which normally grow to much larger sizes (23) .
The capillary nozzle was cleaned routinely between experiments to prevent plugging. Although the smaller internal diameter capillary had plugging under these conditions, it was the capillary of choice for future experiments that used lower concentrations of BDP.
Effect of BDP Concentration (B)
The effect of BDP concentration was studied from mol fractions of 3.95-16.3×10 −5 , with Fig. 5 comparing the SEM photomicrographs of BDP produced under these conditions. As seen in this figure and Table II, decreasing the concentration of BDP in scCO 2 led to smaller particle sizes and a narrower particle size range. At low concentrations, most of the BDP particles are spherical and relatively unimodal in the submicron size region. There are only a few long crystals observed from SEM micrographs at the mole fraction of 3.95×10 −5 and 6.26× 10
. When the concentration was increased to the mole fraction of 7.81×10 −5 , there were more long crystals formed by the RESS process (Fig. 5c) . When BDP concentration reached the highest studied mole fraction of 16.3×10 −5 , the morphology of BDP gave long and large crystals, as shown in Fig. 5d . The experimental results showed that as the BDP mol fraction increased, the mean particle diameter and aspect ratio increased. According to the classical theory of nucleation, higher supersaturation ratios produce higher nucleation rates (24) . Hence, an increase in the BDP mol fraction leads to a higher supersaturation ratio and should reduce the BDP particle size due to a greater number of nuclei being produced. However, the RESS nozzle used in this work was a capillary, not an orifice. Hence, in addition to the supersaturation ratio, we must also consider particle growth along the length of the capillary due to condensation, coagulation, and agglomeration (25) . According to the theory of Lele and Mawson (26) the location of the initial solute condensation along the expansion path determines the particle size and morphology. Sub-micron particles are produced when particles begin to nucleate from the solution phase late in the nozzle, with little time for growth. Larger particles are formed when particles begin to nucleate earlier in the nozzle entrance, and grow very quickly to micron size dimensions. For fiber formation, the precipitation is believed to start upstream of the nozzle entrance, since the solution already has crossed the cloud point. Hence, when the BDP solutions were expanded across the nozzle at the same temperature and pressure, the higher concentration solution would cross the cloud point first, and particle nucleation would begin earlier. The longer path lengths at higher concentrations hence resulted in a larger particle size.
Effect of Pre-Expansion Pressure (C)
An increase of pre-expansion pressure in the range of 1,900-4,100 psi resulted generally in an increase in the particle size and a larger number of long crystals (Fig. 6) . At 1,900 psi, the particle size is small with a uniform PSD, and little aggregation (Fig. 6a) . At 2,500 psi, the particle size became larger due to the fact that some particles grew and aggregated together, although the formed particles are still unimodal (Fig. 6b) . At 3,000 psi, the particle size increased slightly with the aggregation phenomenon becoming obvious, and some long crystals being observed from the SEM photographs. At 4,100 psi, many small spherical particles were formed, along with long crystals. It should be noted that although the original solution temperature was maintained constant before expansion, the capillary was not heated, as it was originally hypothesized that this would minimize agglomeration. The experimental results showed that as the preexpansion pressure increased, the BDP mean diameter increased, with a slight increase in the aspect ratio. It is not easy to identify a precise trend for expansion pressure from the literature. Turk et al. investigated griseofulvin and ß- stiosterol with the solvents CO 2 and trifluoromethane, and found that increasing expansion pressure resulted in a decrease of particle size (27) . Charoenchaitrakool et al. worked with ibuprofen and CO 2 binary system, and found that increasing expansion pressure had no effect on the particle size and morphology (28) . Reverchon et al. (29) .
studied salicylic acid in supercritical CO 2 , and found that increasing pressure led to an increase of particle size. Experimental tests conducted by Domingo et al. (30) on several materials proved to be inconclusive. 
Effect of Pre-Expansion Temperature (D)
Results (Table II) and Fig. 7 show that as the preexpansion temperature increased, the particle size increased from 0.3 μm at 35°C, to 0.34 at 40°C, and finally to 1.28 μm microns at 50°C. At 35 and 40°C, the curves are essentially unimodal and overlapped; while at 50°C, the PSD curve becomes very broad. As described in Table II , the morphologies of produced BDP changed from spherical into short stick crystals of higher aspect ratios with increasing pre-expansion temperature.
To explain the effect of increasing pre-expansion temperature increasing the BDP D m , higher temperature solutions have a higher cloud-point pressure, causing the solutions to cross the cloud point earlier while passing through the capillary, allowing particle nucleation to begin earlier with more time to grow and coalesce. Coagulation and agglomeration are the main reason for producing larger particles in the RESS process, and depend on the rate of successful collision and coalescence. Due to the high melting temperature of the solute compared to the surrounding fluid, growth by condensation is considered to be negligible (31) . In high temperatures, the rate of coalescence is faster than collision, and collisions of particles result in coagulated particles (32) . Figure 8 shows the aerodynamic diameter of particles as a function of the geometric diameter (i.e. mean diameter measured by SEM and provided in Table II ). For BDP particles with small geometric diameters up to 2 μm, which were normally spherical, the aerodynamic diameters calculated from the three different relations are reasonably similar. However, the first equation breaks down for particle sizes larger than 2 μm, (often nonspherical), as it uses a shape factor which cannot be accurately calculated from the SEM based data. The second and third relations consider the aspect ratio for the nonspherical fibers, and provide very similar results for the BDP system under analysis. The second relation (Eq. 4) is based on Cox's theory and shown to work for carbon nanotubes in the 100-700 nm range (19) . It is well known that inhaled spherical particles larger than 5 um are known to be deposited in the mouth, throat, and upper airways, but interestingly fibers as long as 100 um with micron or submicron diameters can reach the gas-exchange regions of the lung, hence being of potential interest for inhalation therapy (33) .
Aerodynamic Diameter
The results in this work indicate that the aerodynamic diameter of the produced BDP is within the range of ca 0.2-7 μm with potential application for engineering particles for inhalation studies. Future studies will learn how to optimize the PSDs for next generation DPIs using supercritical fluid processing using a combination of approaches for tuning particle size distributions, and how submicron/nanoparticles affect the powder dispensing.
CONCLUSIONS
The rapid expansion of supercritical solutions (RESS) process was found to be a promising method to form small and monodisperse particles. After the RESS process, the BDP mean particle size decreased to sub-micron and nanometer dimensions. Controlled growth of particles is possible by selecting experimental conditions in such a way that particles begin to nucleate at the nozzle exit with little time to grow. An increase in the following parameters, i.e. nozzle diameter, BDP mol fraction, system pressure, and system temperature; led to larger particle sizes.
